Abstract: Femtosecond laser micromachining of glass material using lowenergy, sub-ablation threshold pulses find numerous applications in the fields of integrated optics, lab-on-a-chips and microsystems in general. In this paper, we study the influence of the laser-deposited energy on the performance of the micromachining process. In particular, we show that the energy deposited in the substrate affects its etching rate. Furthermore, we demonstrate the existence of an optimal energy deposition value. These results are not only important from an industrial point-of-view but also provide new evidences supporting the essential role of densification and consequently stress-generation as the main driving factor promoting enhanced etching rate following laser exposure. 
Introduction: femtosecond laser process combined with chemical etching
Femtosecond laser processing with low-energy pulses eventually combined with chemical etching of dielectrics is finding numerous promising applications not only for integrated optics (see for instance [1] [2] [3] [4] [5] ) but also for lab-on-a-chip (see for instance [6, 7] ) and more generally for highly integrated three-dimensional monolithic microsystems [8] that combine optical, fluid-handling and mechanical functions in a single substrate [9] . Although various substrates have been considered (for instance photo-etchable glass [7] ), fused silica (the glassy phase of SiO 2 ) offers the most attractive properties such as low self-fluorescence, high chemical stability and a broad transmission spectrum.
The process of femtosecond laser exposure combined with etching -first reported by Markincevicius et al. [10] for fused silica -involves two steps that are depicted in Fig. 1 . First, the substrate is exposed to a tightly focused femtosecond laser-beam emitting lowenergy pulses, typically below or in the range of 1µJ. Patterns are 'written' by moving the specimen under the laser beam (for instance using motorized stages). The pulse energy levels are such that no material is removed but structural modifications of the material take place at the laser focal spot. The process for making any arbitrary shape is further described in [11].
Step 1: Laser exposure (no ablation)
Step 2: Chemical etching
Laser exposed patterns
Glass substrate fs-laser beam Etched pattern Fig. 1 . Illustration of the femtosecond laser processing combined with chemical etching. In a first step, the material is exposed to the laser beam. Low energy pulses are typically used. No ablation is performed; rather the internal structure of the material is modified. In a second step, the exposed patterns are revealed by dipping the glass specimen in a chemical etching bath.
Second, preferential chemical etching of the laser-processed region is performed by immersing the substrate in an etching agent. Low-concentration HF (typ. Less than 10%) is generally used and leads to aspect ratio of about 1:20 to 1:50 depending on the etchant concentration. Interestingly, it was recently shown by Kiyama et al. [12] that heated-KOH might offer significantly better aspect ratio (the authors reported 1:200) without significant saturation behavior as observed with HF. For both etchants, HF [13] and KOH [12] , the etching rate strongly depends on the polarization state of the laser beam used to write the patterns.
In this paper, we study the role of the deposited energy (or 'net fluence') on the etching process of femtosecond laser exposed fused silica specimens.
Methods

Estimation of the deposited energy
A simple way to define an amount of deposited energy is to consider how much energy is passing through a given surface element equal to the spot area in the waist plane. Figure 2 illustrates the concept of deposited energy. The effective number of pulses delivered in a surface corresponding to the non-linear absorption beam diameter can be written as:
where w nla is the non-linear absorption beam waist, f is the laser repetition rate and v is the writing speed. Note that w nla by definition is always smaller or equal to the beam waist.
If we assume that the ratio v/f is much smaller than the non-linear beam waist (in other words that v/f << w nla ), the deposited energy per unit surface φ d (or 'net fluence') on the specimen can be approximated by:
in which E p is the energy deposited for a single pulse. The hypothesis that v/f << w nla is a fair assumption considering our experimental conditions. Note that w nla is dependent on the pulse energy as can be clearly seen from scanning thermal microscopy of laser-affected zones [20] .
In these experiments, w nla is measured using SEM and optical observations of lines written close to the surface.
In the following paragraph, we analyze the effect of deposited energy for various ratios of M numbers. From (1.2), for a given of deposited energy, an infinite number of couples of values, f and v, can be chosen. The constraints on these two parameters will be set by the laser setup used, that is to say the available repetition rates of the laser and the performance of the specimen positioning device.
From the literature on cumulative effects in waveguide writings [14, 15] , one can distinguish two regimes. For pulse frequency f below a critical value -that we call here f c , there is no 'dynamic' effect from one pulse to the next one -in other words, in that regime, the frequency at which pulses are delivered does not affect the end results. Above this critical value, dynamic accumulation effects of thermal origin are observed and a cumulative regime is observed. An order of magnitude for the transition between cumulative and non-cumulative regimes (f c ) is 1 to a few MHz.
Here, we explore the non-cumulative regime for various values of f and v and we specifically investigate the role of the deposited energy on the etching efficiency. Pulse energies are chosen below the ablation threshold.
Experimental methods
We use a diode-pumped Ytterbium-KGW based femtosecond oscillator (t-Pulse 500 from Amplitude Systèmes) delivering 500fs pulses at 1024nm. The oscillator emits pulses at a frequency of 9.4 MHz. We use an AOM-based setup to lower the repetition rate by chopping off pulses from the main pulse train. This setup allows us to continuously sweep the repetition rate from 0 to 870 kHz without modifying the pulse temporal and energy characteristics. The laser beam is focused inside the specimen using a 20X objective (OFR-20X-1054) optimized for YAG wavelength and with an effective numerical aperture (NA) of 0.40.
The specimens used are cuboids of OH-rich fused silica (Heraeus, Spectrosil, OH = 1000ppm) that are moved under the laser beam using commercial positioning stages (Physik Instruments). Laser writing is performed perpendicularly to the laser beam propagation direction at velocities varying from 0.01mm/s to 35 mm/s. Line patterns are written at a depth of 100µm from the surface.
It has been shown that laser polarization affects the chemical etching regime [13] . To take into account these effects, we considered two linear laser polarizations: longitudinal and transverse to the laser writing direction. Recent observations reported in the literature [16] [17] [18] indicate that the morphologies of laser-exposed patterns may depend also on the writing direction, possibly due to a pulse-front tilt effect [16] . As a precaution, and for consistency in our analysis, lines were therefore always written in the same direction.
After laser exposure, the specimen were lapped and polished on both ends of the laserwritten track to directly expose the laser patterns to the chemical etchant. To suppress surface in-homogeneities at the specimen edges (for instance due to the clipping of the laser beam when the beam reaches the specimen edges as well as possible residual stress from the initial specimen preparation), several tens of microns were removed from both sides.
Prior to etching, specimens are cleaned respectively in isopropanol and acetone solutions in an ultrasonic bath. The cleaned specimens are then immersed in a 2.5% HF etching bath, first for 4 minutes to reveal the laser etched laser patterns and do some scanning electron microscope analysis and then, for four continuous hours to investigate the etching rates.
Three sets of laser lines with the same parameters were written in the specimen at different places to verify the reproducibility of the results. Etching length measurements were done for each line by observing the length of the removed material from both end of the specimen. For this observation, we use optical observations under cross-polarized light to increase the contrast between etched and non-etched zones. Figure 3 shows a log-log plot of writing speed (v) versus deposited energy (E d ) according to Eq. (1) for five repetition rates 100 kHz, 250 kHz, 500 kHz, 860 kHz and 9.4 MHz. The points shown in the graph are experimental data for which we could see visible patterns with an optical microscope. Our setup does not allow us to explore the regime between 860 kHz and 9.4 MHz, therefore the transition between cumulative and non-cumulative regime could not be identified accurately in these experiments. We assume that this transition is around a few MHz as reported by others [14, 15] . In the lower repetition rate regime (860 kHz and below), for a given energy deposited level obtained with various combinations of repetition rate and speed, we observe the same visible patterns in the material. In this non-cumulative frequency regime, the rate at which the energy is deposited, have no noticeable influence on the patterns produced. Figure 4 shows typical optical microscopic observations of partially etched laser tracks for increasing deposited energy levels (from left to right in the figure) and for two repetition rates: 860 kHz and 500 kHz. The etching time was 4 hours in a 2.5% HF acid solution.
Results
The etched portions are easily identifiable thanks to their dark appearance, in sharp contrast with the non-etched zones that appears almost transparent. Figure 5 plots the measured etched lengths for four different repetition rates. For every data points, the laser polarization was set perpendicular to the writing direction and the writing direction was the same. The maximum possible error in the measurement of etched length is +/− 10 µm. Figure 4 clearly shows that the etching length increases with the level of deposited energy and reaches a maximum point followed by a sharp decrease and saturation regime. As shown in Fig. 5 , this behaviour is the same for all the laser repetition rates considered in these experiments (from 100 kHz to 860 kHz). In term of etching rate, the maximum corresponds to about 70 microns/h down to an etching rate between 26 to 40 microns/h for the highest levels of deposited energy.
This result emphasizes that, for a given pulse energy, there is an optimal deposited energy to achieve the maximum etching speed and this, independently of the laser repetition rate or, in other words, independently on how fast the energy is deposited in the material. We also observed a similar behaviour for a polarization longitudinal to the writing direction. There, the etched length is typically six times shorter than the perpendicular-to-the-writing-direction polarization case. The effect of laser polarization on etching rate is known and was reported earlier [13] . Here, we observe that the existence of an optimal level of deposited energy is also independent of the laser polarization. Fig. 4 . Optical microscopy image of partially etched laser tracks for increasing deposited energy levels from 2.7 J/mm 2 for the left-most laser line up to 550 J/mm 2 for the right most line. As indicated in the figure, the laser polarization is perpendicular to the writing direction. Lines were written always in the same direction. The pulse energy was 215 nJ. To examine the morphological details of the laser affected zones, we partially etched the specimen for 4 minutes in 2.5% HF acid bath (this was done prior to etching for four hours for measuring the etched lengths). Figure 6 shows four SEM images (taken in BSE mode) of partially etched laser lines corresponding to two extreme deposited energies 10 J/mm 2 and 550 J/mm 2 and two polarizations (transverse and longitudinal to the writing direction). While there are obvious differences of morphology between the two polarizations (as one would expect), for a given polarization, no significant differences could be observed for the two extreme deposited energy levels. For the transverse polarization, we observe very narrow etched trenches suggesting the presence of self-organized nanoscale patterns [24] preferentially etched after 4 minutes. Fig. 6 . SEM images (in BSE mode) of partially etched laser lines. The laser was propagating from the top to the bottom of the image. The writing directions were perpendicular to the image plane. The two left images correspond to a transverse polarization (with respect of the writing direction) and to energy deposited levels respectively of 10 J/mm 2 and 550 J/mm 2 . The two right images correspond to a longitudinal polarization (with respect to the writing direction) and to energy deposited levels respectively of 10 J/mm 2 and 550 J/mm 2 . The pulse energy was 215 nJ.
Interpretation and hypotheses
From our experiments, we note that even though the laser repetition rate is below the threshold for cumulative effects (typically estimated around 1 MHz), the amount of deposited energy per unit surface affects the HF etching rate of the laser processed material. In particular, we observe an optimum deposited energy level to achieve the fastest etching rate and this, independently on how fast the energy is deposited, i.e. independently to the repetition rate. This suggests that the material response, in terms of structural modifications, gradually evolves with the deposited energy, independently to the time separating two pulses. The etching rate response as a function of deposited energy presents two regimes. First, a sharp increase of the etching rate up to a maximum value, followed by a fast decrease of the etching rate down to a kind of saturation value.
To explain this behavior, we propose the following mechanism. Each single pulse induces structural modifications in the material. These structural modifications can be of various kinds: defects but also formation of smaller SiO 4 -ring structures (as suggested by Raman observations [19, 20] ) that lead to a gradual densification effect. The hypothesis of laserinduced densification is supported by nano-indentations experiments [21] . If a localized densification take place in a confined and well defined region (as suggested by experimental evidences presented in [11] and [20] ), the region surrounding will be put under tensile stress in order to accommodate the local change of volume. In [21] , we reported the presence of stress-induced birefringence surrounding laser written lines.
As the number of pulses impacting the material increases, the material is progressively further densified and, as a consequence, the stress around the laser affected zones builds up. On the other hand, tensile stress also changes the bond angles between the tetrahedral constituents of the SiO 2 matrix [22] [25] , which in turn has been correlated to an increase of the HF etching rate of SiO 2 [23] . The higher the tensile stress, the higher the etching rate.
We make the hypothesis that two etching mechanisms are present. One is due to the structural changes observed in the laser-affected zones. The presence of lower order ring structures in the laser-affected zone will enhance the etching rate. The second etching rate enhancement mechanism is due to the tensile stress resulting from the confined densification of the material.
When working with a moderate NA (typically around 0.45) laser affected zones have elliptical shapes for low-energy pulses (see [20] ). If these zones are put under uniform stress (due to the densification) high stress concentration areas will be found at the tip of the ellipses. However, when the stress becomes locally too high, a crack will eventually nucleate and propagate through the high-stress zone. The formation of a crack, consumes part of the stored elastic energy, and relaxes the stress in the area surrounding the laser affected zone, thus attenuating the stress-induced enhancement effect. This stress relaxation effect could account for the sudden drop of etching rate (Fig. 5) .
As observed in Fig. 5 , the etching rate does not drop to zero but saturate around some smaller and relatively constant value. This fact suggests that the enhanced etching rate resulting from the laser exposure is driven by two phenomena: The first one being the SiO 2 matrix modifications induced in the laser spot which promotes the etching rate by forming lower-size rings with smaller bond angles; and the second one being the stress resulting from these modifications. The two effects appear to be cumulative. If the stress around the LAZ is removed (for instance due to stress-relaxation mechanisms), structural modifications in the LAZ is still present and locally enhances the etching rate. This effect could possibly explain why, passed a maximum value, corresponding to a maximized stress-induced effects, the etching rate does not drop down to zero but continues at a same pace.
Conclusion
We have found that the net deposited energy plays a key role in deciding the etching rate of laser processed bulk fused silica. There is an optimum deposited energy to achieve maximum etch rate. In other words we have identified a clear way to select appropriate parameters for fast micromachining in fused silica which is very significant form the industrial point of view. We demonstrate that a writing speed of even 30 mm/s is possible and may be even higher by modifying the laser writing set up. The present results further support the densification based model of femtosecond laser-fused silica interaction.
